widespread increases in pH, while non-ureolytic strains produced such changes slowly and 23 locally. These pH shifts correlated well with patterns of precipitation on solid media. 24
Strikingly, while both mechanisms led to high levels of precipitation, we observed clear 25 differences in the precipitate. Ureolytic bacteria produced homogenous, inorganic fine 26 crystals, whereas the crystals of non-ureolytic strains were larger with a mixed 27 organic/inorganic composition. When representative strains were tested in application for 28 crack healing in cement mortars, non-ureolytic bacteria gave robust results, while ureolytic 29 strains showed more variation. This may be explained by our observation that urease activity 30 varied between growth conditions, or by the different nature and therefore material 31 performance of the precipitate. Our results shed light on the breadth of biomineralization 32 activity among environmental bacteria, an important step towards the rational design of 33 bacteria-based engineering solutions. 34
INTRODUCTION 35
Environmental protests worldwide have highlighted a growing demand for action on the 36 threat of climate change. Human activity has greatly contributed to global warming, currently 37 causing an estimated 0.2°C increase per decade due to past and ongoing emissions 38 (Intergovernmental panel on climate change (IPCC) 2018 report). There is a clear need to 39 reduce our carbon dioxide (CO 2 ) emissions as well as to find novel ways in which we can 40 consume CO 2 as a means of decreasing overall levels. Geological sequestration of CO 2 41 from large point source emitters into carbonate minerals, such as dolomite and limestone, is 42 an emerging technology that could mitigate increasing CO 2 concentrations (Mitchell et al., 43 2010) . Microorganisms can act as biomediators to enhance carbon capture (Mitchell et al., 44 2010) by microbial induced calcite precipitation (MICP). This process leads to precipitation of 45 CO 2 as calcium carbonate (CaCO 3 ) as a result of microbial metabolism and has been 46 occurring on a geological scale for more than 2.5 billion years (Altermann et al., 2006) . The 47 formation by microbes of mineral carbonate structures, termed microbialites, is mediated by 48 a large diversity of microorganisms, often working together in a consortium (Wilmeth et al., 49 2018) . Indeed, cyanobacteria in association with heterotrophic bacteria are thought to be the 50 principal contributors to the production of carbonate rocks during almost 70% of Earth's 51 history (3.5-0.5 Ga) (Altermann et al., 2006) . 52
The success of MICP in biological engineering of the environment has led to the 53 investigation of its potential for exploitation in other areas. These areas include 54 bioremediation of heavy-metal contaminated soils via immobilisation of metals in precipitates 55 pH, and availability of crystal nucleation sites affecting precipitation (Hammes and 72 Verstraete, 2002) . Bacterial metabolism results in an increase in both pH and DIC (through 73 aerobic or anaerobic oxidation of organic compounds), and changes in solution chemistry 74 (Power et al., 2011) . This can lead to the oversaturation of Ca 2+ and CO 3 2ions to facilitate 75 the formation of calcium carbonate precipitates (Power et al., 2011) . The negatively charged 76 cell surfaces of bacteria further promote precipitation by attracting calcium ions and acting as 77 nucleation sites for crystal formation (Zhu et al., 2016) . 78
To date, the majority of studies of MICP have focussed on ureolytic bacteria (Zhu et al., 79 2016 Ureolytic MICP has been used in a range of applications. Positive outcomes were obtained 88 in the improvement of soil properties, however non-uniform rates of precipitation throughout 89 the samples led to varying results (Zhao et al., 2014) . In addition, the requirement for 90 injection of the healing agent into the ground created problems where the rapid precipitation 91 initiated by urease activity caused clogging at the injection site (Cheng and Cord-Ruwisch, 92 2014). In other applications, such as crack sealing in cementitious materials, ureolytic MICP 93 has been shown to promote healing (Bang et al., 2010; ; Wang et al., 2012) . However, 94
because of the dependency of the reaction on enzymatic activity, factors such as low 95 temperature markedly decreased the efficiency of the reaction (Wang et al., 2017) . In 96 addition, ureolytic MICP requires the presence of urea, which may not always be feasible to 97 provide, and the release of ammonia could contribute to environmental nitrogen loading 98 (Jonkers et al., 2010) . 99
To work around the challenges associated with ureolytic bacteria, the use of other metabolic 100 pathways needs consideration. The high efficiency of ureolytic MICP has resulted in the 101 assumption that non-ureolytic pathways cannot yield similarly high levels of precipitation and 102 are thus an inferior strategy to achieve precipitation. This has limited our understanding of 103 alternative pathways, and the factors affecting efficient calcite precipitation in non-ureolytic 104 bacteria are not clear. Studies on self-healing concrete using alkaliphilic non-ureolytic 105 bacteria, such as Bacillus pseudofirmus and Bacillus cohnii, have shown great promise and 106 have led to similar levels of self-healing at the laboratory scale as ureolytic bacteria (Sharma 107 et al., 2017; ; Alazhari et al., 2018) . To fully assess the potential of MICP for industrial and 108 environmental use, detailed understanding of the microorganism, mechanism of 109 precipitation, and application is therefore important. 110
Most studies of MICP have focussed on a small number of species and have thus restricted 111 our understanding of the mechanisms of precipitation across bacteria. In addition, many 112 previous studies have been primarily application-driven and have not always explored the 113 deeper workings of how the bacteria precipitate minerals and what influences this ability. To 114 build a strong basis on which to develop our understanding of MICP, we here took a broad 115 view and surveyed in detail the ability of environmental bacteria to precipitate calcite. 116
Focussing on bacteria that could grow in the alkaline conditions typical of high-calcium 117 environments, we assessed the prevalence of MICP capability in environmental bacteria, 118 their mechanisms of precipitation and resulting crystal morphologies as well as their 119 suitability for application in self-healing concrete. Our study provides an understanding of the 120 environmental potential for MICP, which is not only relevant to geomicrobiology but will 121 facilitate a more design-based approach to industrial application of MICP. 122 123
RESULTS AND DISCUSSION 124

Calcite precipitation ability of environmental isolates 125
To gain a broader understanding of the capability of bacteria to precipitate calcium 126 carbonate, we first performed a survey of a range of environments. In this, we focussed on 127 sites expected to be calcium-rich, such as exposed limestone, caves and soils in areas with 128 a limestone bedrock within the southwestern United Kingdom. Our isolation strategy targeted 129 genus. The predominant species represented were Bacillus licheniformis and Bacillus 141 muralis. Sporosarcina pasteurii was included in the analyses as it represents the paradigm 142 organism for industrial application of calcite precipitation. Interestingly, five of our isolates 143 grouped within the same clade as S. pasteurii (Fig.  1) . 144 145
Mechanistic differences in calcite precipitation between isolates 146
The isolation strategy, with the exception of looking for alkali-tolerant spore formers, was 147 unbiased for particular metabolic properties of the bacteria. A key feature of many known 148 calcite precipitators is ureolysis, which leads to a rapid pH change in the environment due to 149 the release of ammonia and subsequent production of OH -. We therefore tested each of our 150 isolates for their ability to cleave urea, which is visible as a pink colour change in test broth 151 containing urea and phenol red ( Fig.  2  and  Fig.  S2 ). Five out of the 31 isolates taken 152 forward for further characterisation were ureolytic. Two of these ureolytic isolates (CG4_2 153 and CG6_1) were most closely related to B. muralis whilst two others (CG7_2 and CG7_3) 154
were identified as Lysinibacillus fusiformis. The final isolate (EM1) was identified as 155
Psychrobacillus psychrodurans and was most closely related to S. pasteurii. With the 156 exception of CG4_2 and CG6_1, the other ureolytic isolates formed a monophyletic clade 157 with the strongly ureolytic S. pasteurii ( Fig.  1) . 158
To determine the effects of ureolysis and the associated pH change on crystal formation, we 159 repeated the experiment on solid media. Non-ureolytic strains showed only small changes in 160 pH, as indicated by local colour changes in the immediate vicinity of the bacterial colony, due 161 to general metabolic activity ( Fig.  2 , isolate RC1_1;; Fig.  S2 ). In contrast, a rapid and wide-162 spread increase in pH was apparent in the model ureolytic bacterium S. pasteurii. Indeed, an 163 increase in pH as indicated by a colour change from orange to pink was visible as early as 1 164 h after inoculation of the plate with S. pasteurii, and the pH of the entire plate was alkaline by 165 24 h (Fig.  2) . Similarly, the closely related ureolytic isolate CG7_3 caused a rapid increase in 166 pH, although the rate of pH change was slightly slower than seen in S. pasteurii (Fig.  2 ). The 167 same behaviour was observed for isolate EM1 (Fig.  S2 ). 168
We next investigated the patterns of calcium carbonate precipitation on the same agar plates 169 and found that crystal formation correlated well with pH changes within the media. In non-170 ureolytic strains, crystals were visible only on the surface of the colony, corresponding to the 171 observed localised pH change (Fig.  3A) . In contrast, with ureolytic strains crystal 172 precipitation reflected the global pH change and occurred throughout the media (Fig.  3B) . 173
The precipitation of calcium carbonate crystals throughout the media was likely due to a 174 change in the saturation kinetics in the media, resulting from the rapid increase in pH caused 175 by the urease-mediated release of ammonia from urea. Indeed, when urea was omitted for 176 isolate CG7_3, only the localised pH changes associated with non-ureolytic isolates was 177 seen (Fig.  S3 ). In addition, crystals were only visible on the surface of the colony when urea 178 was omitted ( Fig.  S4 ), indicating that there are mechanistic differences in calcite precipitation 179 under ureolytic and non-ureolytic conditions. 180
Interestingly, two isolates that had tested positive for ureolysis in the test broth, CG6_1 and 181 CG4_2, did not produce the characteristic rapid rise in pH and associated crystal 182 precipitation when grown on solid media ( Fig.  2  and  S2 ). A possible explanation for this 183 discrepancy might be that in these isolates, urease activity is inducible in response to a cue 184 that was present in test broth, but not in the solid media. The main difference between the 185 two media was the content of nitrogen, which was very low in urease test broth (0.01 % (w/v) 186 yeast extract, 2 % (w/v) urea), but high in the solid media (0.2 % (w/v) yeast extract, 0.5 % 187 (w/v) peptone, 1 % (w/v) Lab-Lemco powder, 2 % (w/v) urea). Nitrogen metabolism and 188 urease production are tightly controlled in bacteria (Mobley and Hausinger, 1989) . One 189 mechanism of regulation of urease is by repression of activity in the presence of ammonia-190 or nitrogen-rich compounds and derepression of synthesis when nitrogen levels are low 191 (Mobley and Hausinger, 1989) . We therefore tested to see whether nitrogen levels in the 192 media were having an effect on urease activity in these strains. Isolate CG6_1 was grown in 193 the presence of urea in media with either low (0.02 % yeast extract, 0.0125 % peptone, 2 % 194 urea) or high (0.2 % yeast extract, 0.125 % peptone, 2 % urea) nitrogen content, and urease 195 activity was quantified ( Fig.  4A ). Urease activity in CG6_1 was high when grown in low 196 nitrogen conditions, whilst significantly lower levels were detected in high nitrogen 197
conditions. This suggests that urease is only active in CG6_1 when the nitrogen supply is 198 limited. This is clearly a distinct type of behaviour from that seen in CG7_3 and S. pasteurii, 199 which both utilise urea rapidly regardless of the nitrogen composition of the media (Fig.  2) . 200
However, while the overall urease activity of CG7_3 appeared similar to that of S. pasteurii 201 on solid media (Fig.  2) , this isolate can grow well in the absence of urea ( Fig.  S3  and  S4) , 202 while S. pasteurii cannot. This suggests that CG7_3 may also be able to control the 203 expression of its urease genes, with urea acting directly as an inducer of urease activity. We 204 therefore tested the activity of whole cells grown in low and high nitrogen conditions as 205 before, but also compared cells grown in the presence and absence of urea ( Fig.  4B ). When 206 CG7_3 was grown in the absence of urea, it displayed medium urease activity under low 207 nitrogen conditions, which was further repressed by high nitrogen conditions. However, 208 when cells were grown in the presence of urea, urease activity was high regardless of 209 nitrogen conditions. Therefore, while urease activity in CG7_3 did show a partial response to 210 nitrogen limitation, this was overcome by incubation with urea, which clearly acted as the 211 main inducer and may be the preferred nitrogen source for this bacterium under the chosen 212 growth conditions. Taken together, our results indicate that there is a continuum of ureolytic 213 activity in environmental bacteria and that this, as seen above ( Fig.  2-3) , will have an impact 214 on crystal formation and biomineralization by different isolates. 215 216
Effect of ureolysis on crystal formation 217
Having established that crystal formation on solid media is very different between ureolytic 218 and non-ureolytic strains and that there are notable variations in ureolytic activity between 219 environmental isolates, we wanted to understand how ureolysis influences crystal formation 220 in more detail. To investigate this, we studied the kinetics of precipitation in our set of 221 isolates. Growing isolates in liquid culture with calcium over several days allowed us to 222 monitor the rates and total amounts of precipitate formed and correlate this to bacterial 223 growth and global pH changes. Growth of ureolytic isolates caused rapid alkalinisation of the 224 media, reaching pH 9 within two days, the first time point assayed. This resulted in complete 225 precipitation of the available calcium in the media on the same time-scale, with no further 226 change observed in two weeks of incubation ( Fig.  5A and Fig.  S5 , S. pasteurii). Growth of 227 non-ureolytic bacteria caused a more gradual increase in pH, approaching pH 9 only in the 228 second week of incubation ( Fig.  5B  and  Fig.  S5 ). Precipitation of calcium in the media was 229 also more gradual, although both ureolytic and non-ureolytic isolates attained the maximum 230 theoretical levels of precipitation by the end of the first week. Strikingly, we observed 231 noticeable differences in cell numbers over the experimental period. Viable cell counts 232 decreased dramatically in ureolytic isolates and were undetectable within two days ( Fig.  5A) , 233 likely due to high ammonia concentrations in the media of these isolates resulting from the 234 cleavage of urea. Alternatively, these cells may have been encased by calcium carbonate, 235 preventing their further growth and division. In contrast, for non-ureolytic isolates cell 236 numbers gradually increased, before declining again over prolonged incubation (Fig.  5B ). 237
These differences in viability over time between ureolytic and non-ureolytic bacteria may 238
have implications for application and should especially be considered in cases where the 239 continued presence of viable cells will be required for multiple cycles of precipitation. 240
Considering that the total amount of precipitate was similar in ureolytic and non-ureolytic 241 isolates, we next investigated whether the differences in the speed of precipitation had any 242 effects on the resulting crystals. As an initial observation, the precipitate recovered from 243 ureolytic strains was a much finer powder than that recovered from non-ureolytic strains. 244 EDX analyses of the different precipitates confirmed that all crystals tested were composed 245 of calcium carbonate (Fig.  S6 ). However, further investigation using SEM revealed that the 246 crystal morphology differed between ureolytic and non-ureolytic strains (Fig.  5 ). When 247 precipitation was rapid, such as in ureolytic strains CG7_3 ( Fig.5 ) and S. pasteurii ( Fig.  S5  248 and Fig  S7) , inorganic, homogenous crystals were produced. Non-ureolytic strains such as 249 MM1_1 that precipitated calcium carbonate more slowly produced crystals containing 250 significant proportions of bacterial cells and appeared more "organic" in nature ( Fig.  5B ). 251
Similarly, under these conditions CG4_2 and CG6_1 displayed the gradual increases in pH 252 ( Fig.  S5 ) and more organic precipitate characteristic of non-ureolytic strains (Fig.  S7) . 253
Considering that the assay conditions used for this experiment were high nitrogen, it can be 254 expected that urease activity was repressed under these conditions and resulted in strains 255 behaving like non-ureolytic strains. This differing appearance of precipitates in ureolytic 256 versus non-ureolytic conditions was consistently observed across all isolates tested in this 257 assay ( Fig.  S5  and  Fig.  S7 ). These results show that the differences in ureolytic activity 258 across our environmental isolates not only affected the kinetics of biomineralization, but also 259 had a clear impact on the crystal morphologies in the resulting precipitate. 260
Profound effects of urease activity on precipitation of calcium carbonate 261
To exclude that the observed differences in calcium carbonate precipitation were simply due 262
to strain-to-strain variation among our isolates, we exploited the fact that CG7_3 was 263 capable of switching between ureolytic and non-ureolytic states depending on the availability 264 of urea ( Fig.  2  and  Fig.  S3 ). This allowed us to directly investigate the impact of ureolysis on 265 biomineralization in a single strain. When CG7_3 was grown in the absence of urea, there 266 was a gradual rise in pH and calcium carbonate precipitation as seen in non-ureolytic strains 267 ( Fig.  6A ). In contrast, in broths supplemented with urea we observed the rapid rise in pH and 268 associated calcium carbonate precipitation characteristic of the ureolytic strains studied 269 above ( Fig.  6B ). Viable cell counts also dropped dramatically in CG7_3 utilising urea ( with calcite, the more stable polymorph ( Fig.  6B  and  Fig.  S8-S9 ). In comparison, in the 278 absence of urea CG7_3 precipitated calcium carbonate more gradually, and these 279 precipitates were very organic in appearance ( Fig.  6A  and  Fig.  S8-S9 ). Moreover, these 280 'organic' crystals were often much larger than the inorganic spheres produced in the 281 presence of urea, likely due to aggregation via interspersed bacterial cells. As these 282 experiments were all performed on the same bacterial isolate, our observations are a direct here may therefore offer a key step towards a rational design approach to choosing which 290 mechanism of biomineralization is better suited to specific industrial applications. 291 292
Industrial relevance of different calcite precipitation strategies 293
To test if the differences in biomineralization mechanism translate to an applied setting, we 294 next assessed the performance of ureolytic and non-ureolytic strains in self-healing concrete 295 applications, using cement mortars as our test system. We produced spores for each strain, 296 which were then encapsulated in light-weight aggregate before casting them in mortars, 297 together with yeast extract and calcium nitrate, as well as urea in the case of ureolytic 298 strains, to provide nutrients for bacterial growth and sufficient calcium for biomineralization. 299
Mortars were cured and then cracked under three-point bending to obtain a target crack 300 width of 500 µM. The self-healing process was subsequently monitored over 8 weeks. 301
Autogenous healing, which occurs to some degree due to cement hydration, was seen in 302 control mortars that lacked any bacterial spores ( Fig.  7  and  Fig.  8 ). This healing was mostly 303 observed along the top edge of the crack and rarely extended down the sides of the mortar 304 prism. Mortars containing either ureolytic or non-ureolytic bacteria also displayed crack 305 healing, and this generally extended across the top as well as down the sides of the crack 306 ( Fig.  7  and  Fig.  8 ). However, healing in mortars containing ureolytic bacteria was less 307 regular than seen with non-ureolytic strains, with the sides of cracks not consistently sealing 308 ( Fig.  8) . 309
The key aim of bacteria-induced self-healing of concrete is to re-establish water tightness of 310 the structure to prevent water ingress and subsequent corrosion of steel reinforcement. 311
While visual inspection allowed an initial assessment of the healing process, we next sought 312
to test water tightness of our mortars using water flow tests following eight weeks of healing. 313
Recovery of water tightness in mortars containing only the standard cement mix, with no 314 nutrients or additional calcium showed variable recovery of water tightness, generally close 315 to 40 % ( Fig.  9 , 'Reference'). Control mortars containing yeast extract and calcium nitrate, 316 but without bacterial spores, showed much higher recovery (averaging 87-95 %). This 317 recovery is likely because of a combination of autogenous healing and possible presence of 318 environmental bacteria, which may be able to utilise the yeast extract and thus contribute to 319 precipitation. As the mortars were not made or kept in a sterile fashion to more closely reflect 320 industrial application, contamination with such environmental bacteria must be considered 321 likely. The mortars containing non-ureolytic bacteria showed a strikingly consistent recovery 322 in water tightness, leading to near complete resistance to water flow, with all specimens 323 healing to over 90 % and many reaching close to 100% (Fig.  9 ). Interestingly, while mortars 324 containing ureolytic bacteria also showed good restoration of water tightness, there was 325 more variation in the degree of healing obtained. EM1 performed as well as the non-ureolytic 326 strains, but CG7_3 showed lower overall recovery values (mean 87 %) that were similar to 327 the controls lacking encapsulated bacteria. This discrepancy in results may reflect the 328 variability in ureolytic activity in these strains. Given the clear dependence on growth 329 conditions in some strains described above, it is difficult to predict the degree of ureolytic 330 ability displayed in cement mortars. An alternative explanation may be that the rapid 331 precipitation and small crystal size observed in ureolytic isolates does not reliably lead to 332 retention of the precipitate within the crack and may thus not perform as reliably in self-333 healing as the larger aggregates with organic components of the non-ureolytic strains. It will 334 be interesting to investigate the details of material performance following healing with both 335 types of bacteria to fully understand the implications of the different mechanisms of 336 precipitation. 337 338
CONCLUDING REMARKS 339
The environment represents a large reservoir of potential in terms of exploiting bacteria for 340 commercial use of MICP. There have been numerous studies on MICP for varying 341 applications, however, most of these have been restricted to the use of a single or small 342 number of species and were very application specific. This limits our understanding of 343 precipitation capabilities of environmental bacteria more generally. In order to establish a 344 stronger knowledge base to facilitate new and specialised technical applications we 345 surveyed the ability of environmental bacteria to precipitate calcite. We found that the 346 majority of isolates were capable of biomineralization, in line with previous results (Boquet et 347 al., 1973) . This is most likely due to their ability, through metabolic processes, to create a 348 microenvironment around the cell that aids in the precipitation process. should be carefully considered when choosing the bacterial species for a given application. 363
The importance of this point is further emphasised by our finding that ureolysis affected 364 crystal formation both in terms of kinetics and in the morphology of the precipitate. 365
The majority of our isolates precipitated calcium carbonate without possessing ureolytic 366 activity. In contrast to initial expectations that this mechanism may lead to the formation of 367 low amounts of precipitate, we found that all of our isolates were capable of precipitating the 368 total amount of calcium supplied in the growth media, although this process took more time 369
with non-ureolytic strains. Importantly, we showed that the precipitate formed by the non-370 ureolytic bacteria consisted of larger, mixed organic/inorganic crystals. This was in good 371 agreement with our initial observation that precipitation in these bacteria on solid media only 372 occurred on top of the colony and therefore likely involved the physical presence of cells. 373
The mixed nature of the precipitate means that for the same amount of calcium being used, 374 a larger volume of precipitate can be formed. This could present a major advantage in 375 industrial application where often only a limited amount of calcium is available to fill a 376 relatively large space, such as in self-healing concrete. 377
When we tested the performance of our isolates in self-healing of cracked cement mortars, 378
we found that, indeed, non-ureolytic bacteria caused a more consistent recovery of water 379 tightness and more complete healing. The ureolytic bacteria tested showed less consistency 380 in performance, although one strain gave similar results to the non-ureolytic isolates. It is 381 difficult to ascertain whether these inconsistencies in behaviour are due to differences in 382 ureolytic activity in the applied setting or are a consequence of the purely inorganic 383 precipitate formed by ureolytic strains. It seems plausible that the supply of yeast extract as 384 part of the cement mix will lead to a low-nitrogen environment conducive to urease gene 385 expression, and the presence of urea should ensure activity in those strains that are urea-386 responsive. While further experimentation is needed to determine the precise conditions 387 encountered by the bacteria within hardened cement mortars as well as the material 388
properties of the precipitate formed, in applications where nutritional supply is hard to 389 control, the use of non-ureolytic bacteria may give more robust and reliable performance. 390
Self-healing concrete of course only represents one of many potential applications of MICP 391
and each application will have its own challenges. For example, in spray-on applications 392 such as restoration of existing structures and historic buildings, the rapid precipitation of 393 large amounts of precipitate through ureolysis may be advantageous. In contrast, during soil 394 stabilisation where bacteria and their substrates are pumped into the ground, rapid rates of 395 ureolysis could result in premature precipitation and lead to blockages at the injection site as 396 has been reported (Cheng and Cord-Ruwisch, 2014). In this case, it would be more 397 beneficial to use microbes that are non-ureolytic, or that switch to ureolysis at a later time 398 point, as seen in our isolates that responded to low environmental nitrogen. 399
In summary, most bacteria have the ability to precipitate calcium carbonate given the right 400 conditions, and the most suitable bacteria to use will be application dependent. While most 401 previous studies have focussed on one or two isolates, we here show for the first time the 402 plethora of MICP activities and capabilities the environment has to offer as a 'talent pool' that 403
can offer bespoke solutions to many different applications. MICP-based technologies may 404 offer solutions to problems caused by a rising global population and may even be used to 405 mitigate global warming. The increasing demand for infrastructure, as well as the need to 406 engineer land on which to build it, results in an increase in CO 2 emissions and release of 407 harmful chemicals into the environment (DeJong et al., 2010). MICP can reduce this 408 environmental burden by producing buildings that are more durable, prolonging the life of 409 existing buildings, and improving soil properties without the use of toxic and hazardous 410 chemical additives. Moreover, technologies that actively remove CO 2 from the environment 411 and sequestrate it in harmless or even useful minerals such as calcite will be critical in 412 meeting zero emission goals in the future. 413 414
EXPERIMENTAL PROCEDURES 415
Bacterial isolates and growth 416
Sample collection was from six locations across the United Kingdom including limestone 417 caves and immature calcareous soils (Mendip Hills, England), soil, rock and limestone caves 418 (Bath, England), soil and rock scrapings (Monmouthshire, Wales) and soil and scrapings 419 from marine rock in two locations in Cornwall (Mount's Bay and Falmouth). Samples were 420 stored at 4°C until use. Of each sample, 0.5 g was re-suspended in 1 ml sterile saline 421 solution (0.85% (w/v) NaCl) and heated to 80°C for 20 minutes to enrich for spore-formers. 422
Selection for alkali-tolerant bacteria was carried out by plating 100 µl of this suspension onto 423 0.25´ B4 medium (1 g l -1 yeast extract, 12 g l -1 Trizma base, 1.25 g l -1 glucose, 2.5 g l -1 424 calcium acetate (Ca(OAc) 2 ), 15 g l -1 agar) adjusted with NaOH to pH 9. Glucose and 425 Ca(OAc) 2 were filter-sterilised and added after autoclaving. Individual colonies with unique 426 colony morphology were re-streaked onto 0.25´ B4 medium buffered with 75 mM CHES, 75 427 mM CAPS, adjusted with NaOH to pH 10. Strains capable of growth at pH 10 and with 428 visible crystals on the colony or in the surrounding agar were selected for further 429 characterisation. Single colonies were inoculated in lysogeny broth (LB;; 10 g l -1 tryptone, 5 g 430 l -1 yeast extract, 10 g l -1 NaCl) and grown overnight, before storage at -80 °C in a 25% (w/v) 431 glycerol solution. Isolates were subsequently maintained on LB agar. 432
Sporosarcina pasteurii DSM33 was included as a reference organism and maintained on LB 433
agar supplemented with 20 g l -1 urea (filter-sterilized, added after autoclaving). All bacterial 434 cultures were grown at 30 °C, and liquid cultures were agitated at 150 rpm. Growth of liquid 435 
Identification of isolates and phylogenetic analysis 445
The 16S rDNA gene fragment was amplified using the 27F (5'-446 AGAGTTTGATCMTGGCTCAG-3') and 1492R (5'-TACCTTGTTACGACTT- 3') primers 447 (Lane, 1991) . Amplification was performed in a total volume of 25 µl containing 12.5 µl of 2x 448
OneTaq Mastermix (New England Biolabs, NEB), 9.9 µl of nuclease-free H 2 O, 2.4 % (v/v) 449 DMSO, 0.2 µM of each primer and 1 µl of an overnight culture as template. Reaction 450 conditions were as follows: initial denaturation at 94 °C for 5 min followed by 30 cycles 451 consisting of denaturation at 94°C for 30 sec, annealing at 45° C for 30 sec, and extension 452 at 68 °C for 2 min. Final extension was at 68°C for 5 min. For enzymatic clean-up, 2 µl of 453 EXO-SAP (100 U shrimp alkaline phosphatase (Thermo Scientific), 100 U Exonuclease I 454 (Thermo Scientific), and 895 µl nuclease-free H 2 O) was added to every 5 µl of PCR product 455 and the reaction was incubated at 37°C for 15 min before enzyme inactivation at 80°C for 15 456 min. Sequencing of PCR products was carried out using the chain termination method 457 (Eurofins Genomics, Germany). In the case of strains where direct sequencing of the PCR 458 product was unsuccessful, 16S rDNA fragments were first cloned into the Topo ® vector 459 according to manufacturer's instructions (TOPO TA Cloning ® Kit, Invitrogen). Sequencing of 460 the resulting plasmids was performed using the M13 forward primer (5'-461 CCCAGTCACGACGTTGTAAAACG-3'). Bioedit (Hall, 1999) were carried out in MEGA 7.0 (Kumar et al., 2016) . Sequences were aligned using 468 MUSCLE, and conserved blocks were selected from these multiple alignments using 469
GBlocks (Castresana, 2000) . Phylogenetic trees were constructed using the maximum 470 likelihood (ML) method based on the Tamura-Nei model (Tamura and Nei, 1993) . Bootstrap 471 values were inferred from 1000 replicates and partitions reproduced in less than 50 % 472 bootstrap replicates were collapsed. 473 474
Analysis of calcium carbonate precipitation 475
Spatial distribution of calcite precipitation and pH changes was assessed by spotting 20 µl of 476 an overnight culture (OD 600 adjusted to 1) onto nutrient agar (Oxoid, 23 g l -1 ) supplemented 477 with phenol red (0.025 g l -1 ) and Ca(OAc) 2 (2.5 g l -1 or 10 g l -1 ), with or without urea (20 g l -1 ). 478
Physical appearance of plates and crystals were recorded photographically at 1 hr, 3 hr, 5 479 hr, 24 hr, and 48 hr. (975 ´ g, 2 minutes at room temperature (RT)) and washed three times in 50 ml distilled 487 water to remove planktonic cells and culture medium before oven drying at 50 °C for 48 488 hours. Morphology of dried precipitates was examined at accelerating voltages ranging from 489 10 to 20 kV by scanning electron microscopy (SEM;; JSM 6480LV, JEOL, Welwyn, UK) 490 equipped with an energy dispersive x-ray (EDX) analyser for elemental analysis. 491
Representative samples were prepared by spreading dried precipitate on double-sided 492 carbon tape placed on aluminium stubs. For EDX, samples were placed under vacuum 493 overnight before analysis. For imaging, samples were gold-coated by sputtering for 3 min at 494
RT. Samples imaged with field emission electron microscopy (FE-SEM;; JSM-6301F cold 495 field emission SEM, JEOL) were prepared in a similar manner as for SEM but coated in 496
Chromium to a thickness of 20 nM and examined at 5 kV. 497 498
Urease activity 499
Qualitative urease activity of bacterial isolates was determined using urease test broth (0.1 g 500 l -1 yeast extract, 20 g l -1 urea, 0.01 g l -1 phenol red, 0.67 mM KH 2 PO 4 , 0.67 mM Na 2 HPO 4 (pH 501 6.8±0.2). Test broth (2 ml) was inoculated with 100 µl of an overnight culture grown in LB 502 and incubated at 30 °C for up to 5 days. A urease-positive reaction was characterised by a 503 change in colour from yellow/orange to pink. 504
For quantitative urease measurements in whole cells, cultures were grown at 30 °C with 505 agitation (150 rpm). Overnight cultures (20 µl, LB broth) were used to inoculate 25 ml (1:500) 506 low nitrogen (0.2 g l -1 yeast extract, 0.125 g l -1 peptone, 2.5 g l -1 NaCl) and standard media 507
(2 g l -1 yeast extract, 1.25 g l -1 peptone, 2.5 g l -1 NaCl) broths. Where pre-induction by urea 508 was required, broths were supplemented with urea (20 g l -1 ). Cultures were grown (for 24 hr) 509 and cells were harvested from 1 ml of culture by centrifugation (8000 x g, 2 min). Cells were 510 resuspended in 1 volume 0.1 M potassium phosphate buffer (pH 8.0), and OD 600 was 511 recorded. Depending on the urease activities of individual strains, dilutions of cells were 512 made to ensure the activity was within the linear range of the assay. These dilutions were 513 recorded and accounted for during OD normalisation. Urease activity was determined 514 according to the phenol-hypochlorite method (Natarajan, 1995) developed at 37 °C for 25 min and absorbance was measured at 625 nm. Ammonium 522 chloride (25-2500 µM) solutions were used to produce a standard curve (Fig.  S1 ). One unit 523 of activity was defined as the release of 1 µM of ammonia per minute, per OD (U OD -1 ml -1 ). 524 525
Endospore production 526
Endospores of bacterial strains were prepared by inoculating 150 ml LB broth (1:1000) from 527 an overnight culture grown at 30°C with shaking (150 rpm). This culture was again grown 528 overnight and then cells were harvested by centrifugation (3200 ´ g, 10 min at RT) and 529 resuspended in 750 ml Difco sporulation medium (DSM;; 8 g l -1 nutrient broth (Oxoid), 13.41 530 mM KCl, 0.49 mM MgSO 4 , adjusted to pH 7.6 with NaOH. Prior to use 1mM Ca(NO 3 ) 2 , 0.01 531 mM MnCl 2 , and 1µM FeSO 4 were added from a filter-sterilised stock solution (Sonenshein et 532 al., 1974) . Cultures were grown with agitation (150 rpm) at 30 °C for at least 48 hours before 533 sporulation was assessed using phase contrast microscopy. When the majority of cells 534 contained phase-bright endospores, cells were pelleted by centrifugation (3200 ´ g, 10 min 535 at RT) and washed thrice in 10 mM Tris-HCl (pH 9) followed by 30 min treatment with 536 chlorohexidine digluconate (0.3 mg ml -1 ) to kill vegetative cells. Washing was repeated as 537 before and spore pellets were snap-frozen in liquid nitrogen and freeze-dried under vacuum 538 overnight. 539 540
Preparation of mortar samples 541
Mortar prisms (65 mm × 40 mm × 40 mm) were comprised of two layers. The first contained 542 (per 3 prisms): 253.3 g sand conforming to BS EN 196-1, 92 g Portland limestone cement 543 (CEM II A-L 32.5R), 46 g water, 1 g yeast extract, 4.55 g calcium nitrate, 3.54 g aerated 544 concrete granules. Mortars containing ureolytic bacteria also contained urea (3.68 g per 3 545 prisms). Spores (2.1 x 10 10 cfu) were resuspended in 1 ml dH 2 O and imbibed into the 546 aerated concrete granules before drying and sealing with polyvinyl acetate (PVA, 30% 547 (w/w)). After approximately 3 hours, the second, top layer was cast. The second layer 548 contained standard cement mortar (Per 3 prisms: 276g standard sand, 92 g cement, 46 g 549 water). Reference specimens were cast in two layers but only contained standard cement 550 mortar. Specimens remained at room temperature for 24-48 hours before demoulding and 551 subsequent curing for 28 days submersed in tap water. After curing, specimens were oven 552 dried at 50 °C for 24 hours. The top third of the prism was wrapped with carbon fibre 553 reinforced polymer strips to enable generation of a crack of controlled width. A notch (1.5 554 mm deep) was sawn at mid-span to serve as a crack initiation point. Specimens were 555 cracked by three-point bending using a 30 kN Instron static testing frame. A crack mouth 556 opening displacement (CMOD) gauge was used to measurement crack width. Load was 557 applied to maintain a crack growth of 25 µm per minute, and loading was stopped when the 558 crack width was predicted to be 500 µm wide after load removal. A marker pen was used to 559 indicate specific crack sections to enable monitoring of the crack at the same site. Following 560 cracking, prisms were placed in tanks, open to the atmosphere and filled with tap water to 1 561 cm below the top of the mortars, and were incubated at room temperature for two months. 562
Visualisation of crack healing was monitored using a Leica M205C light microscope, and 563 images were taken of freshly cracked mortars and after 1, 4, and 8 weeks of healing. 564 565
Water permeability tests 566
Water flow rate before cracking, after cracking, and after 8 weeks of healing was determined 567 to monitor effects of cracking and healing on water permeability in mortars as described 568
previously (Lee and Ryou, 2016) . The instrument used was based on RILEM test method 569 II.4 (RILEM, 1987) . The bottom of a 10 ml measuring cylinder (0.2 ml graduation) was 570 were grown in LB medium supplemented with urea (20 g l -1 ) and Ca(OAc) 2 (10 g l -1 ) and 713 precipitation of insoluble calcium carbonate (bars, g l -1 ), pH changes (circles) and changes in 714 cell number (boxes, CFU ml -1 ) were monitored over time (days). Maximum theoretical level 715 of precipitation is indicated (dotted line). Right, electron micrographs of representative 716 precipitate taken at day 9. 717 supplemented with Ca(OAc) 2 (10 g l -1 ) in the absence (A) and presence (B) of urea (20 g l -1 ). 720
Precipitation of insoluble calcium carbonate (bars, g l -1 ), pH changes (circles) and changes 721 in cell number (boxes, CFU ml -1 ) were monitored over time (days). Maximum theoretical 722 level of precipitation is indicated (dotted line). Right, electron micrographs of representative 723 precipitate taken at days 3 and 13. 724 (B) were grown in LB medium supplemented with urea (20 g l -1 ) and Ca(OAc) 2 (10 g l -1 ) and precipitation of insoluble calcium carbonate (bars, g l -1 ), pH changes (circles) and changes in cell number (boxes, CFU ml -1 ) were monitored over time (days). Maximum theoretical level of precipitation is indicated (dotted line). Right, electron micrographs of representative precipitate taken at day 9. were grown in LB medium supplemented with urea (20 g l -1 ) and CaAoc (10 g l -1 ) and precipitation of insoluble calcium carbonate (bars, g l -1 ), pH changes (circles) and changes in cell number (boxes, CFU ml -1 ) were monitored over time (days). grown in LB medium supplemented with urea (20 g l -1 ) and Ca(OAc) 2 (10 g l -1 ) and electron micrographs of representative precipitates were taken between days 9-15. Strain names and their ureolytic potential are stated above.
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